Abstract: Protein and polysaccharide conjugates are ideal for developing coatings for medical scaffolds and drug delivery systems owing to their high biocompatibility and biodegradability. In this study, we are conjugating a hydrophobic protein zein with a hydrophilic polysaccharide, pectin. A specific covalent linkage is introduced between the reducing end of pectin and the amine groups of zein that are surface accessible. After successful coupling of pectin to zein, the conjugate is water-soluble. A film was prepared with the zein-pectin conjugates on a hydrophilic silica surface. SEM shows that the film is mainly composed of zein nanoparticles coated with pectin, and these nanoparticles arrange themselves into individual arrays that are separated by several wide channels. Films with such nanostructures can be exploited for developing bioactive coatings. Duncan J. McGillivray is a surface and colloid scientist focused on understanding the physical bases of biological interactions at surfaces, particularly through investigating the structure of complex non-crystalline protein systems (including membrane proteins and protein colloids). This paper is a revised and expanded version of a paper entitled 'Protein and polysaccharide conjugates as emerging scaffolds for drug delivery systems' presented at AMN7 Conference, Nelson, New Zealand, 8-12 February, 2015. 
Introduction
Covalent attachment of biomacromolecules attracts much attention since it is believed that the conjugated products have the ability to maintain the advantages of individual components, while minimising their respective liabilities [1, 2] . Owing to the unique combination of properties, these conjugates have shown potential in developing new biomaterials for the applications of tissue engineering, drug encapsulation as well as microbial inhibitors [3] . Of many possible candidates, natural biopolymers such as proteins and polysaccharides have attracted much attention recently owing to their superior biocompatibility, inherent biodegradability and their varied roles in critical biological functions [4] . For these reasons, protein and polysaccharide conjugates have been studied for their potential use in developing waterproof and in vivo coatings for applications such as medical scaffolds or drug delivery systems.
There are many ways of preparing protein-polysaccharide conjugates. Firstly, these biopolymers can directly interact with each other when they are oppositely charged, and this leads to the formation of complex coacervates [5] . Although the structure of the coacervate can be well organised, the coacervate itself is sensitive to pH and ionic strength, therefore its use in vivo is limited. Therefore, to introduce a more permanent interaction between protein and polysaccharide, covalent linkages are often introduced to couple the protein and polysaccharide together, so that the conjugates are less susceptible to disruption by changes in pH and ionic strength [6] . Covalently-linked protein and polysaccharide can be prepared using carbodiimide chemistry, HRP-catalysed oxidation [7] or NaIO 4 oxidation followed by Schiff base reaction in which amide bonds are formed between the carboxyl groups of polysaccharide and the primary amines of protein [8] .
Conjugates prepared by these methods can be rather heterogeneous since there are multiple conjugation sites on both biopolymers. Recently Fellah et al. [9] reported a synthetic method for generating specific covalent attachments of the reducing end of a pectin molecule to aminated polystyrene beads. This inspired us to covalently link the terminal sugar residue of pectin to proteins whose surface have several accessible amine groups.
In this study, zein protein is chosen to be the model protein owing to its abundance in nature [10] and its potential in developing biodegradable, greaseproof coatings for drug delivery system and medical scaffolds [11] [12] [13] . Zein is a highly hydrophobic protein not soluble in water but which can be solubilised in alcohol. Its secondary structure consists of 9-10 α-helices that fold upon each other in an anti-parallel manner [14] . Pectin is chosen as the model polysaccharide in this study; in contrast to zein, pectin is very hydrophilic and highly soluble in water, however, pectin is not soluble in alcohol. Considering the vast difference between pectin and zein in terms of solubility, it is anticipated that conjugates formed by these two molecules would have both hydrophilic and hydrophobic moieties that will allow the formation of biphasic structures.
Material and methods

Materials
Sodium cyanoborohydride, zein protein and apple pectin with degree of methylesterification of 70-75% were purchased from Sigma Aldrich (Missouri, USA). Solvents such as dimethyl sulfoxide (DMSO) and ethanol were of analytical grade, and used without further purification. All other chemicals were used directly without further purification.
Zein-pectin conjugation through reductive amination
Reductive amination reaction was carried out as described elsewhere [15, 16] . Briefly, zein-pectin conjugates were prepared by dissolving zein (0.11 g, MW: 22 kDa) into a mixture of DMSO: acetic acid (70%: 30% v/v) and adding pectin (2 g, MW: 100 kDa), to make a 1 : 4 molar ratio of zein:pectin. The pectin was not soluble in this solution and existed as a suspension of fine particles. Sodium cyanoborohydride was added into the reaction mixture to a final concentration of 1 mol L -1
. The reaction was left on at room temperature with constant stirring (250 rpm) for up to two days, during which time viscosity of the reaction mixture increases dramatically and the amount of unreacted pectin decreases. The conjugate was recovered from DMSO-acetic acid mixture by adding three times volume of ethanol, and incubated on ice for 1 h. The conjugate was then separated from solvent by centrifugation. Finally, the conjugate was washed several times with cold ethanol to improve purity. The coupling scheme is shown in Figure 1 . Figure 1 A schematic of the reductive amination scheme used for zein-pectin conjugation [9] (see online version for colours)
Characterisation of the zein-pectin conjugate
Fourier Transform Infrared Spectroscopy (FTIR) measurements were performed to characterise the formation of new bonds after zein-pectin conjugation. FTIR spectra were recorded with a Perkin Elmer spectrometer model 'Spectrum Two' equipped with a Universal ATR crystal-sampling accessory (Perkin Elmer, Massachusetts, USA) in transmission mode. Samples were dried under vacuum overnight prior to FTIR measurement. Each spectrum was collected by cumulating 100 scans per sample with the resolution of 2 cm -1 , in the wavenumbers ranging from 4000-400 cm -1 .
Film preparation using zein-pectin conjugate
After being recovered from ethanol, the zein-pectin conjugates were dried under vacuum overnight to remove excess solvent. The dried conjugates were then dissolved in MilliQ water to a final concentration of 10 mg mL -1 . When the conjugates were fully dissolved, any insoluble impurities were removed by centrifugation. A hydrophilic silica surface was prepared by soaking the silicon wafer in 2% Decon 90 (Decon Laboratories Limited, East Sussex, UK) for 2 h, followed by thorough washing in MilliQ water. Finally, the surface was dried by gentle nitrogen flow. The film was prepared by pipetting and spreading 1 mL of the conjugate solution onto silica surface, and the specimen left under vacuum overnight to dry.
Film characterisation using SEM
Scanning electron microscopy (SEM) was used to investigate the overall topology as well as internal structures of the conjugate film. Prior to SEM examination, a thin layer of platinum was coated onto the film by physical vapour deposition using a Quorum Q150RS sputter coater. SEM examination was performed on a Philips XL30S FEG scanning electron microscope (Philips, Amsterdam, The Netherlands) with an accelerating voltage of 5.0 kV.
Results
FTIR spectroscopy
It has been demonstrated that FTIR can be used as a reliable tool to examine the successful coupling between pectin and aminated polystyrene beads [9] . Therefore, in this study, FTIR experiments were performed to detect the formation of new chemical bonds between zein and pectin after a successful conjugation. Figure 2 shows the spectrum obtained from the conjugate inherited most of the features from those obtained from zein and pectin alone, with the addition of a clear peak arose at 1110-1120 cm -1 . As reported earlier by Fellah et al. [9] , the newly formed C-N bond between the reducing end of pectin and the amine group is expected to give an IR signal around this region. The broadening of the protein peak at 1590-1680 cm -1 region can be assigned to the newly formed C-N bond as well, as it is reported that the -C-N bond can be delocalised and coupled with -C=O [9] . 
Zein-pectin conjugate
Zein-pectin conjugates were recovered from DMSO-acetic acid by ethanol precipitation. The recovered products appeared to be gel-like as shown in Figure 3 (a). Zein can be easily dissolved in DMSO but not water, while pectin can be easily dissolved in water but not DMSO. Therefore, to test the potential biphasic character of the conjugates, the conjugates were then introduced into MilliQ water and DMSO respectively to see if the conjugates are soluble in both hydrophilic and hydrophobic environments. Firstly, zein, pectin and the conjugates were added separately in water. From Figure 3 (b)-(d) we could easily see that zein protein did not dissolve in water, while the pectin and the conjugates could be easily dissolved in water.
To test the solubility of the conjugate in a hydrophobic environment, zein, pectin as well as the conjugate were introduced separately into DMSO. Figure 4(a) is an image taken from the conjugate after being dried in vacuum overnight. After drying, the conjugate was not rigid, but quite compressible. Figure 4 (b)-(d) are images taken from zein, pectin and the conjugate respectively after attempting to dissolve them in DMSO. It can be seen that zein protein was completely dissolved in DMSO, while pectin was not soluble in DMSO. Comparing Figure 4 (a) and (d), it can be seen that the conjugate is only slightly soluble in DMSO. This observation implies that the additional zein moiety attached to pectin improves the hydrophobicity of the conjugate, although such improvement is not very significant. 
SEM characterisation
SEM experiments were performed to characterise the morphological as well as the internal features of a film formed from the drying of the complex on the surface from a water solution ( Figure 5 ). The film was scratched prior SEM examination so that the inner structure was exposed. In Figure 5 (a) and (b) we can see the surface of the film was very smooth even down to micron scale. Images taken at higher magnification ( Figure 5(c)-(e) ) revealed the internal organisation of the film. We could see that underneath the smooth film surface, there were many globular shaped particles with an average size around 200 nm. These particles arranged themselves into certain arrayed structures, and each array is separated from another through a 500 nm to 1 um spacing. 
Discussion
We chose zein and pectin as our model protein and polysaccharide not only because of their abundance in nature, but more importantly, their vast difference in terms of solubility. It is anticipated that such a 'biphasic' nature of a complex between the two components could be well utilised in developing coatings for drug delivery systems. However, we were not able to produce a stable complex from the simple mixing of the two components, primarily because of their very different solvent solubillities and the lack of a common solvent. As an alternative, and to produce a more robust linkage between the two components, a heterogeneous covalent coupling was performed to form a zein-pectin conjugate. FTIR results confirmed the successful covalent coupling between zein and pectin with the appearance of peaks in the conjugate indicative of a C-N bond between the terminal sugar residue of pectin and the amine group from zein protein. Results from the solubility tests indicate that zein-pectin conjugates have excellent solubility in water as well as some solubility in DMSO, markedly different from the solubility of the individual components. The hydrophilicity of the complex is much closer, however, to that of the pectin than that of the zein protein.
We rationalise this finding by considering the nature of the coupling between the pectin and the protein. While the pectin has only one terminal reducing sugar per molecule, there are many more possible binding sites on the zein protein surface. A possible structure of the conjugate could be as shown in Figure 6 (a) with multiple pectin molecules attached to a single zein protein. In this instance, it is possible that pectin dominates the features shown from the conjugate, with minor contributions from zein. To test the potential of such conjugates to be used as drug carriers, a film was prepared on top of hydrophilic silica surface using the conjugates by simple evaporation of an aqueous solution. SEM results revealed that the surface of the film is remarkably smooth while the internal composition of the film is consists of several spherical features with sizes up to 200 nm. Owing to its highly hydrophobic nature, zein protein has been used as a model protein for making microspheres and nanoparticles [11, [17] [18] [19] [20] [21] . The size of these zein nanoparticles is generally around 120 nm. Therefore, it is anticipated that the observed particles embedded inside of the film are self-assembled zein nanoparticles (the core) with the pectin tails pointing out towards the hydrophilic environment (the coating) as shown in Figure 6 (b). Owing to the hydrophilic nature of pectin, these molecules could accumulate at the outer surface of the film, in contact with either hydrophilic silica or water, and this could lead to the formation of a smooth and continuous film surface.
One unexpected yet interesting feature of the film is the channel formed between individual zein-pectin nanoparticle arrays. The widths of these channels range from 500 nm to 1 um. It is hypothesised that these are channels formed of highly hydrated pectin in an aqueous solution, that help to accommodate the hydrophilic pectin coating of zein nanoparticles inside of the film (Figure 7) . Therefore, from SEM, it appears that the film prepared by zein-pectin conjugates contains both hydrophobic regions: the zein protein nanoparticles, as well as hydrophilic regions: hydrated channels formed between zein nanoparticle arrays. This unique structure could be used for a delivery system for both hydrophobic as well as hydrophilic bioactives.
In this study, a film was prepared by dissolving the conjugates in water, and then having them deposited onto a hydrophilic surface. Considering the biphasic nature of the conjugates, it is anticipated that the external as well as the internal structures of the film will be different if we use DMSO as the carrying solvent instead of water or use a hydrophobic surface for film deposition. Therefore, further studies will be conducted to examine the effects of solvents as well as surfaces on the structure of films prepared with zein-pectin conjugates. Figure 7 Graphical illustration of the internal structure of film made by zein-pectin conjugates deposited on silica surface. The purple circles present the core of nanoparticles made by zein protein; the black circles around the purple ones represent the surface of the nanoparticles where high densities of pectins could be found owing to covalent coupling. Areas coloured grey represent regions that are made by pectins that extended away from the nanoparticles (i.e., lower density). It is anticipated that these pectins form a hydrophilic matrix to hold zein nanoparticles together into individual arrays (see online version for colours)
Conclusions
The successful covalent attachment of pectin molecules to zein proteins has been achieved using reductive amination in a heterogeneous solution. The resultant zein-pectin conjugates inherited both hydrophilic as well as hydrophobic characteristics from pectin and zein protein respectively. Films prepared by the conjugates demonstrate an interesting biphasic structure. It is anticipated that such structure could be used as a dual-delivery system for both hydrophilic and hydrophobic bioactives.
